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ABSTRACT

The production of active pharmaceutical ingredients (APIs) requires enantiopure chiral
amines, for which greener synthesis processes are needed. Transaminases (TAS) are enzymes
that catalyze the enantioselective production of chiral amines from prochiral ketones, through
transamination in mild conditions. Yet, industrial applications of biocatalytic transamination
remain currently hindered by the limited stability of soluble enzymes and by the unfavorable
thermodynamic equilibrium of targeted asymmetric reactions. Enzyme immobilization can be
applied to address stability, recoverability, and reusability issues. In the perspective of process
intensification, we chose to immobilize TAs on polymeric (polypropylene) membranes. In the
asymmetric synthesis of (R)-2-fluoro-a-methylbenzylamine ((R)-FMBA), such membrane-
immobilized TAs exhibited superior specific activity and stability compared to soluble TAs;
they also outperformed TAs immobilized on resins. The reaction yield remained, however,
limited by thermodynamics. To further enhance the synthesis yield, the reaction was coupled
with the in-situ crystallization of (R)-FMBA with 3,3-diphenylpropionic acid (DPPA). By
doing so, the theoretical equilibrium conversion was pushed from ~44% to ~83%. In fact, a 72
% overall recovery yield of crystallized (R)-FMBA was demonstrated. The enantioselectivity
of the reaction was preserved. Importantly, purification was greatly facilitated, since the target
enantiopure amine was readily recovered as high purity (R)-FMBA:DPPA crystals. The
biocatalytic membranes were found fully reusable, performing successive high-yield
asymmetric syntheses with only minor deactivation. Overall, the crystallization-assisted
strategy proposed herein offers a greener path for the biocatalytic production of valuable chiral

targets.
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1 Introduction

Enantiopure amines represent crucial building blocks for the pharmaceutical industry, as
they end up in approximately half of the current commercial active pharmaceutical ingredients
(API1) 2. There is a growing interest for synthesis methods of enantiopure amines that better
align with sustainable catalysis practices *°. Amine transaminases (TAs), are increasingly
considered as potent biocatalysts for such purpose 52°. TAs catalyse the direct synthesis of
chiral amines from pro-chiral ketones with excellent enantioselectivity under mild conditions,
using inexpensive amino donors through transamination reactions. Despite the impressive
deployment of TAs in the scholarly literature, their industrial applications remain limited, as
they face two major challenges °. On the one hand, TAs employed as free enzymes (soluble)
display limited stability and poor recyclability, even when working in mild operating
conditions. On the second hand, TAs tend to suffer from substrate/product inhibitions, and most
industrially relevant transaminations feature unfavourable thermodynamics 6. Thus, efforts are
underway to enhance the TAs robustness and develop strategies to shift the transamination
equilibrium towards the product side.

Enzyme immobilization has proven effective in creating heterogeneous biocatalysts that are
more versatile and amenable to more productive processes (e.g. continuous flow) 1722,
Polymeric membranes are available and relatively cheap supports to immobilize biocatalysts
(50 €/m? can be estimated for membrane contactors 2324 comparable to other materials
classically employed for enzyme immobilization purposes, e.g. epoxy-resins from ReliZyme
2526) Membrane materials typically offer high surface-to-volume ratios when implemented as
modules. Enzyme immobilization on polymeric membranes is now well-documented 2, and
the TA membrane-immobilization has been demonstrated 8. In the literature, researchers have
already implemented membrane contactors as downstream processing to purify the
transamination products 2°-31, However, immobilizing enzymes on membrane supports could
be of further interest, as it additionally offers the possibility to perform biocatalytic reactions
along with membrane separation, in a one-pot fashion. For example, the removal of a product
could favorably shift the biocatalytic reaction equilibrium toward product formation and
mitigate inhibition issues (e.g. acetone removal via pervaporation %), and hence increase the
reaction rate and final yield. In the specific case of equilibrated transamination reactions, this

aspect is of great relevance.



Building up on this aspect, different in-situ (co)product removal (ISPR) strategies have been
applied to drive transamination reactions towards the products side, such as product extraction
(using organic co-solvent or a membrane module), capture/absorption (using ion-exchange
resins) and crystallization *>313337, Among these product separation strategies, crystallization
of the target enantiopure amine product seems particularly suited for the pharmaceutical
industry, owing to the high selectivity and high (enantio)purity that can be generally obtained
3839 Moreover, it enables the straightforward recovery of the API via simple filtration “°. von
Langermann et al. 3¢, recently disclosed a crystallization-assisted transamination process for the
gram-scale preparation of S-(3-methoxyphenyl)ethylamine, a precursor of Rivastigmine. The
in-situ product crystallization strategy relied on the use of 3,3-diphenylpropionic acid (DPPA),
which is able to form poorly soluble crystalline salts with amine compounds 3. It enabled the
production of a pure enantiopure amine product at high concentration (> 1 M) and its
straightforward recovery via filtration, and was found applicable to a wide variety of amine

targets 4.

In essence, enzyme-membrane reactors coupled with product crystallization can pave the
way to greener and intensified chiral amine synthesis processes. Here, we demonstrate the proof
of concept of a crystallization-assisted transamination using a membrane-immobilized TA.
Polypropylene (PP) was employed as model polymeric membrane to immobilize TAs. An
industrially relevant transamination reaction was targeted, i.e. the asymmetric synthesis of (R)-
2-fluoro-a-methylbenzylamine  ((R)-FMBA)  from  2’-fluoroacetophenone  (using
isopropylamine as amino donor). (R)-FMBA is a precursor of valuable fluorinated chiral N-
arylamines #2, and its separation is not straightforward (i.e. liquid at room temperature). To the
best of our knowledge, such amine building block is not commercially available in its
enantiopure form. We show that using a membrane-immobilized TA, in presence of DPPA,
allowed reaching yields of pure FMBA:DPPA crystals markedly surpassing the equilibrium
yield of the non-assisted reaction. The biocatalytic membrane was also stable and reusable,

showing only minor deactivation upon recycling.

2 Experimental

2.1 Materials
Hydrochloric acid (37 wt %, aqueous solution), pyridoxal 5’-phosphate hydrate (PLP; > 98
%), glycerol diglycidyl ether (GDE; technical grade), carbonate-bicarbonate buffer capsules,



Bradford reagent were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH; > 99 %), N-
2-Hydroxyethylpiperazine-N'-2-ethane sulphonic acid (HEPES; > 99.5 %), HEPES sodium salt
(> 99 %) were purchased from Carl Roth. Branched polyethyleneimine (PEI; 50 wt %, aqueous
solution, M.N. 60,000), isopropylamine (ISO; 99 %) were purchased from Acros Organics.
Dichloromethane (DCM; HPLC grade), ethanol absolute (EtOH), dimethylformamide (DMF;
> 99.9 %) were purchased from VWR Chemicals. Tris(hydroxymethyl)aminomethane (Tris; >
99 %), 3-hydroxytyramine hydrochloride (dopamine hydrochloride; 98 %), tert-butyl methyl
ether (MTBE; > 99 %), 3,3-diphenylpropionic acid (3-DPPA; 97 %), isopropyl alcohol (iPOH;
99.5 %), tert-butyl alcohol (tBuOH; > 99 %), 2’-fluoroacetophenone (FAP; 97 %),
acetophenone (AP, 97 %) were purchased from Tokio Chemical Industry. Methanol (MeOH;
99.8 %) was purchased from Thermo scientific. 2-fluoro-a-methylbenzylamine (FMBA; 97%)
was purchased from BLD Pharm. Commercial polypropylene membranes (PP) were purchased
from 3M (USA).

Transaminases HeWT (from Halomonas elongata) and TSRTA (from Thermomyces
stellatus) were expressed and lyophilized as previously described by Paradisi et al. 4, and
then used as cell-free extracts. In some cases, the enzymes were also purified by immobilized
metal affinity chromatography (IMAC) in order to be used as pure enzymes (pTA). Distilled

water was applied for all synthesis and treatment processes.

2.2 Transaminase immobilization
In this work, the transaminase from Thermomyces stellatus (TSRTA) was immobilized
onto solid functionalized polypropylene membranes and on ReliZymes resin to run the

subsequent heterogeneous transaminations.
2.2.1 Polypropylene membrane (PP)

Polypropylene (PP) membrane surface was functionalized prior to immobilization in
order to enable the covalent grafting of TAs, following the method described in details in our
previous study “°. Details and experimental protocols related to these PP functionalization steps
are fully described in the electronic supplementary information (ESI). Briefly, it consisted in
the successive modifications of a PP membrane with polydopamine (PDA), glycerol diglycidyl

ether (GDE) and polyethyleneimine (PEI), separated by intermittent rinsing steps (Figure S1).

A disk of 7 cm? (c.a. 35 mg) functionalized PP membrane was immersed into 7.5 mL of
buffered solution (HEPES 0.1 M buffer, PLP 1 mM) containing the desired TA concentration



(Co=1 mg.mL?) at pH 8, and incubated for 18 hours at 35 °C under gentle stirring. After
immobilization, the resulting membrane-immobilized transaminase was rinsed with 7.5 mL of
rinsing solution (containing PLP 1 mM in HEPES 0.1 M buffer pH 8) for 30 minutes (repeated
two times) to eliminate the loosely attached TAs. The immobilization and washing steps were
carried out in 10 mL round bottom glass flasks. The heterogeneous biocatalysts obtained upon
immobilization of TA cell-free extract (cfe) and pure TA (pTA) were denoted TA PP and
pTA_PP, respectively.

In a variation of this protocol, we also attempted to prepare “self-sufficient” biocatalysts
(i.e. not requiring external addition of co-factor during reaction). Inspired by Lopez-Gallego et
al. %, we immobilized the TA cfe (using 1 mg.mL? into 0.1 mM PLP in HEPES 0.1 M buffer
pH 8) onto a disk of 7 cm? functionalized PP, then rinsed the resulting membrane three time
(with 7.5 mL HEPES 0.1 M buffer pH 8, 30 minutes), and directly incubated it with PLP (1
mM in HEPES 10 mM pH 8 for 90 minutes at room temperature under gentle stirring).
Additional rinsing was applied again (four times 7.5 mL of HEPES 0.1 M buffer pH 8, 30
minutes). The obtained membrane was denoted TA PP_SS, where “SS” stands for self-
sufficient.

The enzyme loading was evaluated by mass balance, using Bradford titration (see ESI)

on the fresh enzyme solutions and on the rinsing solutions.

2.2.2 Benchmark carriers — ReliZymes

For comparison, TA immobilization was also performed in on epoxy-resins
(RelizymeEP and RelizymeHFA), which are the ubiquitous support materials to immobilize
enzymes. 35 mg of epoxy-resin was immersed into 7.5 mL of buffered solution (HEPES 0.1 M
buffer, PLP 1 mM) containing the desired TA concentration (Co =1 mg.mL™) at pH 8, and
incubated for 18 hours at 35 °C under gentle shaking. After immobilization, the resulting
immobilized transaminase was separated by centrifugation (5 minutes at 14,000 rpm in a
Heraeus MultifugeX1R Centrifuge) and rinsed with 7.5 mL of rinsing solution (containing PLP
1 mM in HEPES 0.1 M buffer pH 8) for 30 minutes under gentle shaking (repeated two times)
to eliminate the loosely attached TAs. The immobilization and washing steps were carried out
in 15 mL Falcon tubes. The resulting benchmark heterogeneous biocatalysts were labelled

TA_ReliZymeEP and TA_ReliZymeHFA, depending on the employed epoxy-resin.

2.3 Immobilized enzyme loading evaluation



The immobilized enzyme loading (L) (i.e. the mass of enzyme loaded on the support)
was evaluated by mass balance via Eq. 1., using Bradford titration (see section 1 of the ESI).
Co and C; stand for the TA immobilization solution and the residual solution (i.e. obtained after

immobilization) respectively, while Cs and C4 stand for the first and second rinsing solutions.

L=VyX(Cy—Cy—Cy—C3—Cy) [Mmg] Eq.1

The immobilization yield (%) is defined as the ratio between immobilized TA (L) and

the total TA mass introduced during the immobilization (7.5 x Co).

2.4 Asymmetric synthesis of (R)-2-fluoro-a-methylbenzylamine ((R)-FMBA)

The asymmetric synthesis of (R)-2-fluoromethylbenzylamine ((R)-FMBA), was carried out
in batch mode, using free or immobilized transaminases in batch mode. 2’-fluoroacetophenone
(FAP, 10-50 mM) was employed as the amino-acceptor. In order to shift the transamination
equilibrium, the reaction was run with an excess of isopropylamine (1ISO). Typically, HEPES
and PLP were dissolved in distilled water to obtain HEPES 0.1 M, PLP 1 mM solution. 1ISO
(125-500 mM) was then added and the pH was adjusted to pH 8 (using HCI 37 %). TsSRTA
enzyme (either free or immobilized (as (p)TA PP, TA PP_SS, TA ReliZymeEP or
TA_ReliZzymeHFA)) was then added in the solution. Then, FAP was added to start the
biocatalytic reaction. Reactions were typically run at 35 °C in 7.5 mL total volume (with 10

vol.% methanol), in a 10 mL round bottom glass flask under moderate magnetic stirring.

In some cases, 3,3-diphenylpropionic acid (DPPA) was added (concomitantly with the ISO
addition) to crystallize the produced (R)-FMBA in the form of crystal salts to shift the
transamination equilibrium (Figure 1). The crystals obtained at the end of reaction were
recovered by filtration, rinsed two times with 7.5 mL of HEPES 0.1M buffer, then once with
methyl tert-butyl ether (MTBE). Crystals were then dried overnight before further analyses
(NMR, chiral-HPLC, pXRD, TGA, see ESI). They were labelled as FMBA:DPPA (x:y), where
x and y correspond to the initial FAP and DPPA concentrations. The FMBA:DPPA crystals
recovery yield (Ycryst) was defined by Eq. 2 as the ratio of the actual mass of FMBA:DPPA in
the obtained crystals (MmrwvBa:DPPAct) COmpared to the maximum theoretical mass of
FMBA:DPPA produced which is able to crystallize. [FMBA]prod Stands for the concentration

of FMBA obtained at the end of the biocatalytic test, while srmea is the molar solubility of



FMBA in the given reaction medium. Mwemgsaprpra Stands for the molecular weight of the

FMBA:DPPA crystal.

Eq.2
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Figure 1. Schematic representation of the targeted heterogeneous asymmetric synthesis of (R)-2-fluoro-a-
methylbenzylamine ((R)-FMBA) assisted by product crystallization, using membrane-immobilized TSRTA.
Upon addition of 3,3-diphenylpropionic acid (DPPA) in the reaction medium, a donor crystal salt (of molar

solubility and solubility product s; and Ksp 1, respectively) is formed. As soon as transamination takes place, the
produced (R)-FMBA is continuously removed from the medium through the formation of a product crystal salt
(of molar solubility and solubility product s; and Ksp », respectively), thereby shifting the equilibrium towards
the product side.

Reaction was followed by analyzing 100 puL samples from the reaction medium. 30 pL
of sodium hydroxide (2 M) was added to dissolve the crystal salts, and the mixture was vortexed
for 5 seconds. 400 L of dichloromethane was then added to the aqueous phase, vortexed for
15 seconds and rest for 5 minutes to allow extraction of reactants (ISO, FAP) and products
(FMBA, acetone) into the organic phase. Extraction was repeated twice and the organic phases
were pooled and analyzed by gas chromatography (see section 1 of the ESI). The specific

activity is defined as the number of umol of 2’-fluoroacetophenone converted per minute per



mg of enzyme. It was evaluated by Eq. 3, where L is the immobilized enzyme loading
(determined by mass balance via the Bradford method (in mg)) and, t is the reaction time (in
min). Unless stated otherwise, the specific activity was determined after 20 hours of reaction.

nFAP converted

1 [U.mgomm. 74l Eq.3

Specific activity =

FAP and crystals solubility measurements

To measure the solubility of the FAP substrate and of the FMBA:DPPA crystals in the
considered reaction media (HEPES 0.1 M pH 8 buffer containing PLP 1 mM and [0-20] % v/v
of co-solvent), it is necessary to first create an oversaturated medium. Hence, saturated solutions
were created by adding excess crystals or FAP, leading to the obtention of biphasic media (i.e.
suspensions or emulsion). Afterwards, 100 pL of the saturated aqueous phase of the resulting
mixtures were sampled (i.e. by filtrating suspensions (containing the FMBA:DPPA crystals)
with 0.2 um filter, or by exclusively pipetting the aqueous solution (containing the FAP
substrate)), basified with 30 pL NaOH 2 M and then extracted using DCM (as described in the
previous section), and analyzed by gas chromatography (see section 1 of the ESI).

2.5 Crystals characterization

After having been rinsed and filtered, the obtained crystals were analyzed and compared
to reference crystals (namely, FMBA:DPPA ref and 1ISO:DPPA ref) which were chemically
synthesized by 20 hours crystallization in Methyl Tert-Butyl Ether (MTBE) *¢.

Proton Nuclear Magnetic Resonance (*H-NMR)

Crystals were analyzed in *H-NMR in order to qualitatively assess their chemical
composition and compare their spectrum with that of chemically produced reference crystals,
and quantitatively via the use of an internal standard, namely, N,N-Dimethylformamide (DMF),
allowing to measure their purity (in %), thereby attesting the validity of the whole process in
the aim of API crystals production. More precisely, the FMBA:DPPA content of the crystals (x
rvea) Was determined by semi-quantitative 'H-NMR analyses, by comparing the peak
contributions of FMBA:DPPA (doublet 3H, at 1.57 ppm) and ISO:DPPA (doublet 6H, at 1.25
ppm) with each other (Eq. 4). DMF was used as standard for quantification during the *H-NMR
analyses. Experimental details about *H-NMR analyses are provided in the first section of the
ESI.



[FMBA: DPPA]
[FMBA: DPPA] + [ISO: DPPA

Powder X-ray Diffraction (pXRD)

The solid samples were analyzed via pXRD to assess their crystalline phases and
characterize the solid composition of donor salt and/or product salt. Crystals were sprinkled on
a sample holder coated with Nivea cream, which is then inserted in a Bruker-D8 Advance
diffractometer with a Bragg-Brentano geometry. A copper anode under 40 kV and 30 mA
produces the X-ray radiation with a Cu Ko wavelength (X) of 1.54 A. The Bruker detector was
using a LynxEye XE-T technology and was recording intensities obtained with a 26 value
between 5° and 80° with 26 increments of 0.015° and 0.15 seconds per step. The diffractograms
obtained were analyzed with the DIFFRAC.EVA software (Bruker).

Chiral High Performance Liquid Chromatography (Chiral-HPLC)

Enantiomeric excess (ee) of FMBA was determined using Chiral High Performance
Liquid Chromatography (Chiral-HPLC) and through chiral Gas Chromatography (cGC)
analysis, by dissolving the obtained product crystals (FMBA:DPPA) in the mobile phases (see
details in section 1 of the ESI).

Thermogravimetric analysis (TGA)

Crystals were analyzed by TGA) to assess their specific composition (e.g. water content)
and thermal stability. Analyses were performed on a Mettler Toledo TGA-STDA 851e, from
25 to 400 °C, at a scanning rate of 10 °C-min~'. The solid samples (5 to 10 mg) were placed in
aluminium oxide crucibles. The purge gas was nitrogen, with a continuous flow rate of 50

mL-min~!. Data were processed with the STARe 12.12 software.

3 Results and discussion

3.1 Catalytic performance of free and immobilized TAs (without product
crystallization)

Two TA-loaded PP membranes (TA PP and TA PP_SS), were employed to run the
asymmetric synthesis of (R)-2-fluoro-a-methylbenzylamine ((R)-FMBA). While TA_PP is
obtained by immobilizing TSRTA on the functionalized PP membrane,* TA_PP_SS results

from a simultaneous immobilization of TSRTA and PLP. This strategy was used in an attempt

10



to develop “self-sufficient” catalyst (i.e. no need for external addition of PLP during reaction
47).

Owing to the configuration and dimensions of the batch reactors considered in this work, the
amount of membrane employed per catalytic test was limited (i.e. 7 cm?, which corresponds to
c.a. 35 mg of flat-sheet membrane), resulting in very low TA loading in the reactor. Poor
reaction rates were thus expected, given the low enzyme loading. The specific activities of both
PP-immobilized TA were evaluated and compared to those of the soluble enzyme (free TSRTA)
at identical enzyme loading/content (Figure 2, black triangles). We also compared their specific
activities to those of other immobilized TAs, i.e. TSRTA immobilized on commercially
available epoxy resins (TA_RelizymeEP) and amino-epoxy resins (TA_RelizymeHFA), used
as conventional supports. In order to compare the catalytic performance of the different
heterogeneous biocatalysts, the TA immobilizations (and subsequent transaminations) were run
with identical masses of supports (i.e. 35 mg of functionalized PP membrane or Relizyme™
beads). It was observed that TA_RelizymeEP and TA_RelizymeHFA recovered 69 % and 84
% of specific activity (estimated using the first data point of the activity profiles shown in Figure
S2 (i.e. 20 hours)) respectively, with respect to free TA. Such level of specific activity
recoveries match with other reports on TAs immobilized on polymeric resins 84, However,
high TA loadings were observed on the Relizyme carriers (Figure 2, black triangles). These
high TA immobilization yields recorded on the Relizyme carriers can easily be explained by
the fact that resins display significantly higher surface area available to immobilize TAs, due
to their smaller average pore diameters (i.e. 20 nm range) 2%, with respect to the considered PP
flat-sheet membranes (i.e. around 200 nm) *°. However, the narrower pore diameter of the
Relizymes may also bring additional restrictions (e.g. mass transport limitations, or highly
constrained enzyme), which may partly explain the incomplete (< 100%) specific activity
recoveries of those resin-immobilized biocatalysts. This aspect is even more pronounced at high
enzyme loading since at some point, the increase of substrate consumption rate eventually

surpasses the supply rate of substrate towards the immobilized enzyme 1.

On the other side, the specific activities exhibited by both PP-immobilized TAs were by far
superior to those of the other biocatalysts tested herein (Figure 2). Normalized activities (U.Qcat
1y and specific activities (U.mgra™) observed in this study compared well with the values
obtained on other asymmetric syntheses (employing ISO as amine donor), as shown in Table
S1 4952, For example, the specific activities reported by Heckmann and Paradisi (towards the

asymmetric synthesis of 2-aminobutane) *° for two soluble cell-free extract TAs (*RTA-43 and

11



HeWT_F84W) are similar to the values obtained in this work (see Table S1, lower part).
Notably, the specific activities displayed by TA_PP and TA_PP_SS catalysts correspond to
specific activity recoveries of c.a. 340 % and 225 % with respect to free TA, respectively. These
results notably highlight the robustness of the self-sufficient TA_PP_SS biocatalyst, which was
able to efficiently catalyze such asymmetric synthesis of (R)-FMBA in absence of externally
added co-factor. Expectedly (as observed in our previous work), its specific activity was lower
than that of the “classical” immobilized transaminase (TA_PP), potentially due to the higher

enzyme loading present on TA_PP_SS, which is likely to cause molecular crowding effect 2753,
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Figure 2. Immobilized TsRTA loading on solid biocatalysts (i.e. amount of enzymes immobilized on the
carrier) or soluble enzyme concentration (triangles; 2 experiments designed as to have the same amount of
enzyme as in TA_PP and TA_PP_SS), and specific activity (histograms) displayed by the different biocatalysts.
TA_PP has been tested in triplicate. The error bar for the specific activity of Free TA is a combined standard
deviation for the two experiments performed in triplicate for the free enzyme at different enzyme concentrations.
Reaction conditions: 25 mM FAP, 250 mM ISO, 0 mM DPPA, 10 % v/v MeOH, 1 mM PLP (or 0 mM PLP for
TA_PP_SS) in 0.1 M HEPES buffer pH 8, 35 °C.

The high specific activities of the PP-immobilized TAs and Free TA were also verified at
an earlier stage of the reaction (6 hours) to avoid artifacts due to putative deactivation; this
confirmed the superiority of the immobilized enzymes (Figure S3). Such high activity
recoveries observed for TA_PP and TA_PP_SS may be attributed to the hydrophilic coating
layers (PDA, and predominantly PEI) on the PP membranes, which stabilize the immobilized
TAs by providing a suitable hydrated microenvironment. >**° In terms of overall activity (i.e.

reaction rate, in [U]), the transamination reaction was faster when employing the membrane
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immobilized TAs (Table S1, upper part), despite the significantly higher TA loadings obtained
on both TA_Relizymes.

The activity dependence on FAP keto-substrate concentration was assessed for both soluble
TA and TA PP (Figure 3). 10 % v/v MeOH was used as co-solvent to ensure a proper
dissolution of the substrate in the reaction medium. As expected, higher specific activities were
observed when pure enzymes (pTAs; immobilized or soluble; see empty points in Figure 3)
were employed. Noteworthily, for the free enzyme and TA_PP, the optimum FAP concentration
was found to be around 10 mM and 25 mM, respectively, while enzyme inhibition by this keto
substrate seemed to occur at higher concentrations. Such inhibition was particularly marked
around 50 mM FAP, at which both the free and immobilized TA specific activities dropped by
c.a. 50 % (with respect to their maximal values). It should be noted that TSRTA has previously
been reported to run the asymmetric synthesis of the same (R)-FMBA up to 100 mM; yet this

was measured at high enzyme concentration (i.e. 5 mg/mL) and with D-alanine as amino-donor
42
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Figure 3. Specific activities obtained at different FAP initial concentrations, employing TA (TsRTA) cell-
free extracts either soluble (blue squares) or immobilized as TA_PP (red dots), or purified TAs (pTAS) either
soluble (empty squares) or immobilized as pTA_PP (red empty dots). Reaction conditions were: [6-48] mM

FAP, 250 mM ISO, 0 mM DPPA, 10 % v/v MeOH, 1 mM PLP in 0.1 M HEPES buffer pH 8, 35 °C. All
reactions were run at equal nominal enzyme concentration, i.e. 0.2 mg/mL TA. For (p)TA_PP, this corresponds
to an enzyme loading of c.a. L ~ 1.5 mg (p) TA on the membrane carrier.

The long-term stability of the pTA_PP was investigated and compared to the one of soluble

TA (at identical enzyme concentration/loading), by running the reaction and monitoring the
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activity over time during extended durations. To this aim, 25 mM FAP with 10 molar
equivalents of 1ISO (250 mM) were selected as standard reaction conditions. pTA_PP displayed
remarkable activity and stability over time, whereas the soluble TAs were rapidly deactivated
(Figure 4, full curves). Such result is not surprising as it is often observed that the TA
immobilization enhances the operational stability of the enzyme with respect to their free form
48 When the FAP conversion began to stabilize (i.e. after 300 hours of reaction), the membrane
(pTA_PP) was separated from the liquid reaction mixture, washed with HEPES 0.1 M, PLP 1
mM pH 8 buffer (three times) and immersed into a new reaction medium (prepared in identical
conditions, i.e. 250 mM ISO, 25 mM FAP). Very similar specific activity was observed in such
recyclability experiments, which allowed to ensure that the “activity plateau” observed in
Figure 4a for pTA_PP was exclusively due to thermodynamic limitations (and not to enzyme

deactivation; see Figure S4).
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Figure 4. Catalytic performance (i.e. a) reaction profiles and b) specific activity) obtained with (50 mM) or
without DPPA, employing pTAs either free (blue) or immobilized as pTA_PP (red). Reaction conditions were:
25 mM FAP, 250 mM ISO, 0 or 50 mM DPPA, 10 % v/v MeOH, 1 mM PLP in 0.1 M HEPES buffer pH 8, 35

°C. The reactions were run at equal nominal enzyme concentration, i.e. 0.2 mg/mL pTA. For pTA_PP, this
corresponds to an enzyme loading of c.a. L ~ 1.5 mg TA on the membrane carrier.

The observed plateauing of FAP conversion leads to estimate the equilibrium conversion (X
FAPeq) 10 be ~ 44 %. From this value, the transamination equilibrium constant was estimated to
be Keq = 3.9 x 1072 (Figure S5), very close to the theoretical value computed using Gibbs free
energies calculations (Keq = 4.7 X 102, approximated by the MolCalc tool ), and with other

studies estimating the Keq value of model asymmetric syntheses (using ISO as amino-donor) ¥'.
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All in all, these experiments confirmed that TA can be effectively immobilized on a PP
membrane, and that the resulting biocatalyst is active, stable, and recyclable. The specific
activity is higher than that of the free enzyme and yields close to the theoretical thermodynamic
equilibrium can be achieved. Experiments have been carried out on small membrane discs
featuring a low absolute amount of enzyme, which explains that long reaction times are needed.
Yet, it is known that membranes can be packed in dense modules, which would solve the kinetic
issue. Nevertheless, it appears pertinent to develop strategies to push the reaction towards

completion by displacing the position of the thermodynamic equilibrium.

3.2 Crystallization-assisted transamination using membrane-immobilized TAs

pTA_PP was tested for the asymmetric synthesis of (R)-FMBA in presence of crystallizing
agent DPPA, with the idea to push the transamination towards completion and to facilitate
product separation and recovery. In order to maximize the product crystallization driving force,
we performed the reaction in presence of an excess of DPPA (introduced above the solubility
limit of the donor ISO:DPPA salt), in a suspension-to-suspension approach. This enables to
keep the DPPA (and ISO) concentration constant over time (by progressive dissolution of the
donor ISO:DPPA salt) 6.

The transamination-crystallization was run by modifying the standard conditions (25 mM
FAP, 250 mM ISO) with the addition of 50 mM DPPA. In these precise conditions, the ISO
and DPPA maximal soluble concentrations (i.e. dictated by the solubility product of the
ISO:DPPA salt (K sp1 = 0.0036)) were estimated to 215 mM and 15 mM, respectively. By
considering the FMBA solubility limit in the present system (s rmea), and by considering the
estimated value of Keq, it was possible to compute a new expected FAP conversion at the
equilibrium obtained in presence of DPPA (green dotted line in Figure 4b). This corresponds
to an expected equilibrium conversion of ~83% (much higher than the 44% limit in the case of
the non-assisted reaction). However, in such conditions, the activity of free TA was
dramatically affected (Figure 4b, dotted blue curve). Conversion was even lower than in the
standard conditions (without DPPA). We tentatively ascribe such free enzyme deactivation to
an undesired precipitation or immobilization of the soluble TSRTA on the ISO:DPPA crystals.
Indeed, when running the reaction in the presence of only 15 mM of DPPA (i.e. below the
solubility limit, and thus in the absence of solid crystals), the enzyme was barely affected
(Figure S6). Further increasing the soluble enzyme concentration (from 0.2 mg/mL to 1 mg/mL

pure TsRTA) did not change the activity profile obtained, as pronounced enzyme deactivation
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was also observed (Figure S7). Interestingly, such free enzyme deactivation or precipitation
induced by the presence of DPPA crystals was not observed when employing other TAs, such
as HeWT (employing acetophenone as substrate, see Figure S7) or SpATA (employing
3-methoxy-acetophenone as substrate) *°, and appears thus to be an enzyme-dependent

phenomenon.

On the contrary, running the crystallization-assisted reaction with the membrane
immobilized TA (pTA_PP) allowed overcoming the initial equilibrium conversion (~44%),
reaching as high as 77.4% conversion (Figure 4b, dotted red curve), approaching the theoretical
limit of the crystallization-assisted process (~83%). Thus, immobilization is clearly identified
as key to the success of this strategy. The impact of such FMBA:DPPA crystallization on
pTA_PP specific activity, on final transamination yield and on the obtained crystals purity was
investigated. By comparing the H-NMR spectra of the obtained crystals with those of
chemically synthesized donor (i.e. 1SO:DPPA ref., Figure S8) and product (i.e. rac-
FMBA:DPPA ref., Figure S9) crystal salts, we can estimate the relative amounts of
FMBA:DPPA phase in the obtained crystals as well as the FMBA:DPPA crystals recovery yield
(Table 1). In absence of product crystallization (i.e. without DPPA), the transamination is
limited by its unfavorable thermodynamic equilibrium and only moderated yields can be
obtained (Table 1, entries 1 and 4). Adding DPPA at the solubility limit (e.g. 15 mM) enabled
the formation of the poorly soluble FMBA:DPPA crystal salt (Figure S10), which drove the
transamination reaction towards higher FAP conversion as compared to the non-assisted
reaction (Table 1, compare entry 2 to entry 1). Further increasing the total DPPA content from
15 mM to 50 mM (suspension containing ISO:DPPA donor crystal salt) enabled to achieve an
even higher final substrate conversion, owing to the higher crystallization driving force (i.e.
constant DPPA concentration over time). Noteworthily, performing the heterogeneous
transamination in such suspension-to-suspension approach did not alter the specific activity of
the membrane biocatalyst (i.e. the initial activity was unchanged). When employing low FAP
substrate concentration (12.5 mM) with respect to the ISO:DPPA salt, the resulting crystals
were not pure (i.e. contained only 62 % of FMBA:DPPA phase (and consequently, 38% of
ISO:DPPA) see Figure S11 and Table 1, entry 3). Despite this aspect, high product crystal salt
recovery was still obtained, resulting in 93 % overall FMBA:DPPA crystals recovery yield.
Expectedly, doubling the FAP substrate concentration (to 25 mM) allowed to increase the
proportion of FMBA:DPPA crystals in the collected solid (compare Table 1, entries 5 to 3),
resulting in 97 % purity for the desired crystal phase (Figure S12) and 95 % crystals recovery
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yield. These values correspond to an overall FMBA crystallization yield (Y overan, i.€. the
proportion of FAP substrate ending up in the form of crystallized FMBA salt) of 72 %. We
argue that such metrics are encouraging in the perspective of implementation for API
production at the industrial scale °. It is noteworthy that the strategy can also be applied in the
absence of externally added PLP. Using the “self-sufficient” membrane biocatalyst
(TA_PP_SS) we reached similar yields of FMBA:DPPA crystals (Table S2).
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Table 1. pTA_PP catalytic performance and crystallization metrics obtained when performing the transamination in presence of different DPPA and FAP
contents). Reaction conditions were: [12.5-25] mM FAP, 250 mM ISO, [0-50] mM DPPA, 10 % v/v MeOH, 1 mM PLP in 0.1 M HEPES buffer pH 8, 35 °C.
The enzyme loading was c.a. L ~ 1.5 mg pTA on the membrane carrier. The final FAP conversion was determined after 390 hours of reaction.

Crystal name Co FAP Initial reaction C DPPA Sp. activity X FAPeq X FAP obs X FMBA:DPPA Y recov FMBA:DPPA Y overall
[mM] medium [mM] [U.mgTa™] (%) 2 (%) ® crystals (%) ¢ FMBA:DPPA

([U. m?)) (mol %) © (%) ©
1 / 125 Solution 0 0.0067 (16.9) 56.1 55.2 / / /
2 FMBA:DPPA (12.5:15) 125 Solution 15 0.0065 (16.5) 80.7 62.5 95 744 44
3 FMBA:DPPA (12.5:50) 125 Suspension 50 0.0064 (16.3) 83.6 84.1 62 93 ® 48
4 / 25 Solution 0 0.0079 (21.7) 44.6 439 / / /
5 FMBA:DPPA (25:50) 25 Suspension 50 0.0075 (21.2) 81.9 775 97+2f 95+3.2f 72

: Expected FAP conversion at the transamination equilibrium (X rapeq , Se€ Eq. S4 and Eq. S5 in Supplementary informations of Chapter 1V)
: Observed FAP conversion after 390 hours of reaction

: FMBA:DPPA content in the produced crystals (X rmea-orea , S€€ EQ. 4)

: FMBA:DPPA crystals recovery yield (Y recov , S€€ EQ. 3) ; the detailed calculation of d1 and d2 are reported in the ESI

:FMBA:DPPA crystals overall yield, denoted Y overail = (Y recov * X emBa:DPPA * X EaP 0bs)*100%

:this experiment was reproduced three times (triplicate); mean values + standard deviations are reported
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Additionally, *H-NMR performed on the FMBA:DPPA (25:50) crystals (recovered from the
experiment described in Table 1, entry 5) confirmed that the relative amounts of FMBA and
DPPA species were 49:51. Thus, the crystal partners arrange in a 1:1 ratio to form the target
FMBA:DPPA crystal structure. Thermogravimetric analysis (TGA) (Figure S13) further
revealed only two distinct weight losses corresponding to FMBA (37.3 wt % (or 48.6 mol %),
from c.a. 90 to 210 °C) and to DPPA (59.7 wt % (or 48.4 mol %), from c.a. 210 to 325 °C). The
absence of minor low temperature weight losses shows that the crystals are not hydrates.

pXRD analyses revealed that crystals obtained via the transamination-crystallization
approach displayed similar pXRD patterns as the chemically synthesized rac-FMBA:DPPA ref.
crystals (Figure S14). However, when zooming in, several shifts in their pXRD peak positions
were noticed (Figure S15). Given the high purity of the produced FMBA:DPPA (25:50) crystals
(i.e. 99 mol % according to *H-NMR), such dissimilarity is probably induced by the fact that
the crystals formed during the crystallization-assisted reaction should be enantiopure while
those in rac-FMBA:DPPA ref. are racemic (as suggested by chiral GC (Figure S16) and chiral
HPLC (Figure S17) analyses). This phenomenon was previously observed with other chiral
organic crystals (e.g. 3-chloromandelic acid) %8%°. Here, it can be interpreted that the racemic
salt does not form a conglomerate, as the pXRD patterns of rac-FMBA:DPPA ref. do not
perfectly match those from the enantiopure sample (FMBA:DPPA (25:50)). We tentatively
ascribe the differences in pXRD patterns to the presence of a solid solution or a racemic

compound crystal 6062,

It is noteworthy that, even though chiral HPLC and GC provide convincing evidence that the
product crystal is enantiopure, there is no unambiguous evidence about its stereochemistry. As
the free TSRTA enzyme has shown perfect enantioselectivity towards the (R)-FMBA
enantiomer in previous studies *>*, we assume that the product was the (R)-enantiomer. In
order to confirm this, we attempted to produce single crystals of (R)-FMBA:DPPA (using the
biocatalytically produced crystals), but results remained ambiguous. For future studies, we
advise choosing a model substrate (other than acetophenone, which is not accepted by the
TsRTA enzyme) leading to a well-characterized crystal salt, as it would enable to overcome

this problem.

The reusability of the membrane-immobilized TA in this crystallization-assisted
transamination process was investigated. To this aim, the pTA_PP catalyst was employed to
run three successive catalytic cycles in the presence of 50 mM DPPA. Each catalytic cycle was
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stopped when the FAP conversion approached the conversion plateau. After each cycle, the
membrane was removed from the resulting reaction mixture, rinsed three times with HEPES
0.1 M buffer pH 8, and then re-immersed into a fresh reaction medium. As observed in Figure
5, pTA_PP was able to perform high-yield successive (R)-FMBA asymmetric syntheses: final
FAP conversions tending towards the expected conversion dictated by the transamination
equilibrium in presence of FMBA:DPPA crystallization (i.e. X rap eg” = 87 % in these
conditions) were always observed. Of course, possible deactivation should be quantitatively
assessed far away from the thermodynamic equilibrium 2. pTA_PP was shown to retain 77 %
of its initial specific activity after three transamination cycles (i.e. 1200 hours of operation).

These results underline the robustness and the reusability of such membrane-immobilized TA.
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Figure 5. Recyclability tests (i.e. a) reaction profiles and b) specific activity) obtained when employing the
pTA_PP catalyst. Reaction conditions were: 10 mM FAP, 250 mM ISO, 50 mM DPPA, 10 % v/v MeOH, 1 mM
PLP in 0.1 M HEPES buffer pH 8, 35 °C. The enzyme loading was of c.a. L ~ 1.5 mg pTA on the membrane
carrier.

Note that attempts to further enhance the process by using co-solvents (i.e. short-chain
alcohols, DMF and ACN) that could potentially increase the solubility gap between the donor
and product crystal salts (s1 vs. s2) were unsuccessfull (see ESI Fig. S18-21 and discussion

therein).

On the contrary, ommitting methanol was found beneficial. Indeed, it should be noted that
MeOH was initially employed as a way to ensure the complete solubility of the FAP substrate
in the reaction medium. However, the ketone substrate is known to provoke enzyme inhibition.
With 50 mM of FAP fully solubilized in the presence of MeOH, the specific activity dropped
significantly as compared to 25 mM (Fig. 6a). A possible strategy to maintain good productivity
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levels in batch mode is to take advantage of the low FAP solubility in aqueous media, as
proposed by von Langermann et al *. FAP solubility in the aqueous reaction medium (without
co-solvent) was estimated to s rar ~ 25 mM (Figure S21a). Thus, in absence of MeOH, if we
introduce 50 mM of FAP, the actual concentration in the aqueous phase remains ~25 mM (and
the excess is present as a separate liquid phase i.e. FAP emulsions, acting as external substrate
reservoir). In such case, the TA_PP specific activity was fully maintained, and in fact slightly
higher than that observed in presence of 25 mM of FAP (Figure 6a). Here, the FAP
concentration (~25 mM, at which the enzyme is not inhibited) is maintained constant during
reaction as long as the converted FAP is compensated by solubilization from the FAP reservoir.
This strategy allowed to enhance the reaction kinetics by avoiding enzyme inhibition by FAP
substrate, and feeding the process with constant substrate concentration. In principle, this
configuration should allow to operate the crystallization-assisted transamination with any FAP
sustrate concentration. For the proof-of-concenpt, the reaction was run in presence of 125 mM
of FAP (Figure 6a): expectidly, the specific activity was maintained at the same level, which
validated our hypothesis. It should be noted that the FMBA production profile showed a more
pronounced linear trend (Figure 6b). The latter probably highlights a degenerescence of the
kinetics (“pseudo zero-order” reaction), in which the reaction rate is constant over time due to
the steady FAP substrate concentration present in the aqueous phase (s rap). Once the
biocatalytic consumption overcomes the s rap, the biocatalytic reaction bounces back to a

standard Kinetic profile.
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Figure 6. a) specific activity obtained (obtained at 20h) when employing TA_PP, using 25 mM (green), 50

mM (black) or 125 mM (orange) FAP substrate, in presence (full bars) or in absence (dashed bars) of MeOH (as

co-solvent) in the reaction medium. Reaction conditions were: [25-125] mM FAP, 250 mM 1SO, 50 mM DPPA,
[0 or 10] % v/v MeOH (or [0 or 20] % v/v when 125 mM FAP was employed), 1 mM PLP in 0.1 M HEPES
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buffer pH 8, 35 °C. The enzyme loading was of c.a. L ~ 1.5 mg TA on the membrane carrier. b) corresponding
kinetic profiles obtained with 50 mM FAP in the presence (soluble) or absence (emulsion) of MeOH

3.3 Sustainability evaluation

To assess the sustainability of the studied crystallization-assisted transamination process, the
E-factor of the lab-scale process was roughly estimated and compared to three chemocatalytic
benchmark processes (Table 2). These benchmark methods A, B, and C for the synthesis of
enantiopure a-methylbenzylamine derivatives are described in details in the ESI (Figure S22 to
S24) %, The transamination process proposed in this work was found to feature significantly
lower E-factor as compared to the benchmark chemocatalytic processes. Additionally, it must
be emphasized that the biocatalytic strategy should produce enantiopure (F)MBA product (99.9
% ee, as suggested by chiral HPLC and GC analyses), which is not the case of the other
chemocatalytic methods. In the latter, the presence of significant fractions of the other
enantiomer imposes further purifications (e.g. preferential crystallizations), which is known to
markedly impact the overall environmental and economic performance of such processes. &%°
This underlines the superior performance of the crystallization-assisted biocatalytic route

proposed herein.

Table 2. Comparison of environmental performance (E-factor) of the optimized crystallization-assisted
asymmetric biocatalytic route (D) with different benchmark chemocatalytic routes (A, B, C) to chiral amines. S-
methylbenzylamine (S-MBA) was the target amine in A and C, while (R)-FMBA was targeted in B and D.

Method A B C D
(ref.) ) ) ) (This work)
Description Imine Ketone Chiral Transamination
asymmetric reductive amination resolution + + crystallization
hydrogenation crystallization
Precursors Imine, H; Ketone, Hy, Racemic amine Ketone, 1ISO +
NH4OAC + resolv. agent 2 DPPA
Talyst [Rh(COD)Cl]2- Ru(OAC).- / TA_PP,PLP
(Ligand) (Ligand)
ee (%) 90 95 69 99.9 P
E-factor 58 18 19 5(r26*°¢

a: N-tosyl-(S)-phenylalanine (S-TPA) was used as resolving agent.

b : only one peak was detected in the chiral GC and HPLC analyses

¢ :Reaction conditions were: 50 mM FAP, 250 mM 1SO, 50 mM DPPA, 1 mM PLP in 0.1 M (or 0.05 M *)
HEPES buffer pH 8, 35 °C.
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4 Conclusion

In this work, we present the immobilization of a R-selective TA (TSRTA) onto a porous
polypropylene membrane (PP) and its application to catalyze an industrially relevant
transamination: the asymmetric synthesis of (R)-2-fluoro-a-methylbenzylamine ((R)-FMBA).
To boost the reaction and reach high product yields, product separation was achieved by in situ

crystallization.

PP was coated with polydopamine to provide amine functions at its surface, which were
further functionalized with epoxy groups to covalently graft the TA. The immobilized TA
showed enhanced specific activity and stability towards the studied transamination compared
to their soluble counterparts. It also exhibited superior catalytic performance than widely
employed heterogeneous TAs (i.e. Relizyme™-immobilized TAs). Crystallization of (R)-
FMBA with 3,3-diphenylpropionic acid (DPPA) was shown to displace the transamination
equilibrium towards the product side. Also, the targeted enantiopure amine was recovered by
simple filtration (in the form of a high purity salt). The overall yield reached 72 % of the
substrate FAP recovered in the form of (R)-FMBA:DPPA crystals (which has to be compared
to ~40% conversion in soluble form for the non-assisted process). The PP-immobilized TA was
shown to be easily recoverable and reusable, being able to perform successive high-yield
asymmetric syntheses with minor deactivation. Also, working in the absence of co-solvent
resulted in the formation of an FAP emulsions, and in a low (c.a. 25 mM) but constant
concentration of soluble FAP (the emulsion playing the role of an FAP reservoir). This
configuration allowed engaging higher amounts of the keto-substrate concentrations while
minimizing enzyme inhibition and boosting productivity. Overall, the method presented herein
could pave the way to the use of membrane-supported enzymes in hybrid processes, i.e.

concatenated with membrane-assisted purification strategies.
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